Volpe MV, Chung E, Ulm JP, Gilchrist BF, Ralston S, Wang KT, Nielsen HC. Aberrant cell adhesion molecule expression in human bronchopulmonary sequestration and congenital cystic adenomatoid malformation. Am J Physiol Lung Cell Mol Physiol 297: L143-L152, 2009. First published May 1, 2009 doi:10.1152/ajplung.90618.2008.-In many organs, integrins and cadherins are partly regulated by Hox genes, but their interactions in airway morphogenesis and congenital lung diseases are unknown. We previously showed that the Hox protein HoxB5 is abnormally increased in bronchopulmonary sequestration (BPS) and congenital cystic adenomatoid malformation (CCAM), congenital lung lesions with abnormal airway branching. We now report on ␣ 2-, ␣3-, and ␤1-integrin and E-cadherin expression in normal human lung and in BPS and CCAM tissue previously shown to have abnormal HoxB5 expression and on the relationship of cell adhesion molecule expression to Hoxb5 regulation. ␣ 2-, ␣3-, and ␤ 1 -integrins and E-cadherin expression in normal human lung and BPS and CCAM were evaluated using Western blot and immunohistochemistry. Fetal mouse lung fibroblasts with Hoxb5-specific siRNA downregulation were evaluated for ␣ 2-integrin protein levels by Western blot. Compared with normal human lung, a previously undetected ␣ 2-integrin isoform potentially lacking essential cytoplasmic sequences was significantly increased in BPS and CCAM, and ␣ 2-integrin spatial and cellular expression was more intense. Ecadherin protein levels were also significantly increased, whereas ␣ 3 increased in CCAM compared with canalicular, but not with alveolar, stage lung. ␤ 1-integrin levels were unchanged. We conclude that in BPS and CCAM, altered ␣ 2-integrin cytoplasmic signaling contributes to abnormal cellular behavior in these lung lesions. Aberrant cell adhesion molecule and Hox protein regulation are likely part of the mechanism involved in the development of BPS and CCAM.
INTEGRINS ARE heterodimeric transmembrane receptor proteins consisting of one ␣-and one ␤-subunit that bind to ECM proteins and other cells to mediate "outside-in" and "insideout" signaling between cells and the cellular environment. More than 14 ␣-and 8 ␤-subunits have been described with ligand specificity depending on the specific ␣/␤ receptor complex and the tissue type. These integrin receptors affect cellcell signaling through interactions with other integrins and with one or more specific ligands, including but not limited to laminins, fibronectin, tenascin-C, vitronectin, entactin, and collagen (19, 27) . Integrins also influence the activity of focal adhesion kinase (FAK), other membrane-bound cell adhesion molecules such as E-cadherin, and growth factor receptors including epidermal growth factor (EGFR), fibroblast growth factor (FGFR), vascular endothelial growth factor, and transforming growth factor-␤. Through these many interactions and through interactions with the actin cytoskeleton, integrins help control cell migration, cellular orientation, and differentiation, as well as cell growth and cell survival (5, 7, 8, 19, 29, 33, 52, 65) .
In the lung, like in many other organs, integrins help regulate organ morphogenesis during development and later in life contribute to tissue homeostasis (53) . Integrins are located both in lung mesodermal and epithelial cells where distinct temporal, cellular, and regional expression domains of different integrins are poised to influence airway branching and lung cell fate. Several integrins have distinct patterns of expression during lung development suggesting unique roles for different integrin receptor complexes at different times in development and in different regions within the developing lung (16, 67) . ␤ 1 -integrin is the preferred partner for ␣ 2 -and ␣ 3 -integrin in lung with specificity being determined by different cell types in which the integrins are expressed (33) . ␣ 2 ␤ 1 -integrin is localized to mesodermal and epithelial cells of branching airway tips during mouse and human lung development and is also expressed in cells involved in remodeling of extracellular matrix that are entering the later stages of cell differentiation (17, 66) . Mice deficient in ␣ 2 -integrin have abnormal and simplified mammary gland branching morphogenesis with decreased numbers of branch points per terminal duct, whereas detailed developmental evaluation of airway branching in these mice has not been reported (11) . ␣ 3 -integrin, however, is only expressed in established airway branches but not at airway branch points. ␣ 3 -integrin has a vital role in lung morphogenesis with ␣3-deficient mice having severely retarded airway branching beyond the mainstem bronchi with the epithelium resembling proximal bronchial epithelium (columnar cells) instead of cuboidal epithelium usually found in terminal bronchioles (20, 36) .
Integrins interact with and influence the activity of other membrane-bound cell adhesion molecules including E-cadherin (69) . Similar to ␣ 3 -integrin, E-cadherin is expressed in airway epithelial cells but not at airway branching tips, consistent with E-cadherin's roles in adherens junctions to stabilize cell-cell contacts and in establishing and maintaining apico-basal polarity of epithelial cells. E-cadherin, like integrins, interact through their cytoplasmic effector proteins, catenins, and with actin filaments influencing cell motility. Furthermore, the extracellular domains of some cadherins also interact with FGFRs resulting in E-cadherin receptor cleavage and altered cell adhesion. Consistent with this finding, decreased E-cadherin expression leads to loss of cell-cell adhesion and increased cell migration, an abnormality that has been associated with cancer progression and cell metastasis (24, 25, 48) . In vitro blockade of E-cadherin function in embryonic mouse lung organ cultures alters epithelial organization and lumen formation of new airway branches, whereas increased E-cadherin expression prevents in vitro budding of lung endoderm (25, 40) .
It is clear from these studies and others that normal lung branching morphogenesis requires precise spatial and temporal distribution of cell adhesion receptors such as integrins and E-cadherin to help coordinate intracellular and intercellular changes in communication between lung mesenchymal and epithelial cells (12, 17, 19, 24, 25) . Branching morphogenesis is altered in the congenital lung lesions bronchopulmonary sequestration (BPS) and congenital cystic adenomatoid malformation (CCAM). These lung lesions cause significant morbidity and mortality in infants due to associated respiratory distress, lung hypoplasia, fetal hydrops, and pulmonary infections. BPS is caused by aberrant formation of an accessory lung diverticulum that has budded from the primitive foregut in the embryonic period of lung development (5-6 wk of human gestation), resulting in either an intralobar or extralobar anatomical position. CCAMs are "adenomatous" overgrowths of terminal bronchioles that develop into cyst-like structures of varying sizes and airway pathology that develop during the first 5-10 wk of human development and are classified as type 0 to IV based on tissue histology, airway morphology, and cyst size (2, 21, 49, 54, 55) . Many reports show that the histology and microscopic findings of BPS and CCAM often coexist within the same lesions suggesting related embryologic origins for these congenital airway anomalies (3, 9, 15, 21, 35, 41) . Features that are similar in both anomalies suggest that their aberrant airway development results from an imbalance of proper mesenchymal-epithelial interactions in early lung morphogenesis at a time when dynamic and orchestrated changes in cell adhesion are known to alter cell migration and cell proliferation to coordinate airway branching. However, the potential contribution of altered cell adhesion in the development of BPS and CCAM has not been studied.
Other studies have shown that integrins and E-cadherin are in part regulated by the master regulatory Hox gene transcription factor family. Interestingly, some integrin genes are localized in clusters in close genetic vicinity with Hox genes on chromosomes 2, 12, and 17 in humans. This suggests that Hox genes that help determine embryonic and organ-specific patterning evolved along with integrins that help recognize cellcell and cell-matrix interactions coordinating cell positioning and cellular communication in developing and mature organs and tissues (13, 28, 63) . In mice, we have reported that regulated spatial and temporal expression of the Hox protein, Hoxb5, helps regulate airway branching patterns partially through regulation of cell matrix molecules (57, 60, 61) . We have also shown that HoxB5 (nomenclature for human Hoxb5) is expressed in human lung development in a similar pattern to that seen in mouse and that human BPS and CCAM tissue has abnormally high levels of HoxB5 protein, analogous to the canalicular stage of lung development and significantly increased over age and lung development stage-matched controls (59, 64) . The persistent overexpression of HoxB5 in BPS and CCAM tissues may have deleterious effects on downstream genes governing mesenchymal-epithelial cell adhesion and cellular interactions, but whether Hox gene regulation and altered cell adhesion coexist in BPS and CCAM has not been studied.
The objectives of the current study were 1) to investigate integrin ␣ 2 , ␣ 3 , their receptor partner ␤ 1 , and E-cadherin expression in normal human lung development and in BPS and CCAM, where we have previously identified abnormal HoxB5 expression patterns, and 2) to study the relationship of cell adhesion molecule expression to HoxB5 regulation. We hypothesized that integrin and E-cadherin expression would be altered in BPS and CCAM tissue that we have previously shown to have increased levels of HoxB5 protein (59) .
MATERIALS AND METHODS
Reagents. Two different antibodies were used for detection of ␣ 2-integrin in normal human lung, BPS, and CCAM tissue (Fig. 1) . Antibody 1 (Chemicon, Temecula, CA) is a rabbit polyclonal antibody that detects essential peptide sequences in the cytoplasmic domain of human and mouse ␣ 2-integrin including two important sites necessary for negative regulation of FAK (31, 34, 38) . Antibody 2 (Santa Cruz Biotechnology, Santa Cruz, CA) is a goat polyclonal antibody that only detects peptide sequences in the extracellular domain of human ␣ 2-integrin but does not cross-react with ␣2-integrin of mouse origin. Goat polyclonal antibodies to ␣3-integrin and E-cadherin and rabbit polyclonal antibody to ␤1-integrin were purchased from Santa Cruz Biotechnology. Mouse monoclonal antibody to GAPDH was purchased from Ambion (Austin, TX). Western blot reagents were from BioRad (Hercules, CA). Immunostaining reagents were from Vector (Burlingame, CA). siRNA molecules were purchased from Ambion as previously described (60) . All other reagents were purchased from Fisher (Pittsburgh, PA) unless otherwise specified.
Human lung, BPS, and CCAM tissue specimens. The protocol for this study was approved by the Tufts Medical Center Human Investigation Review Committee. As previously described, normal human lung tissue from 17 wk of gestation to 1.5 years of age was obtained from therapeutic abortuses and autopsies for non-pulmonary disease. BPS and CCAM tissue from children up to 3 years of age was obtained at surgical resection. CCAM tissue specimens used in this study were pathologically defined by our institution's Department of Pathology as type II CCAM (1, 54) .Tissue from each specimen was separated for Western blot and immunostaining studies as previously described (59) . Mouse lung fibroblasts cultures. To compliment the studies in human tissue, we evaluated ␣ 2-integrin expression in E13.5 (E0.5 identification of vaginal plug, term is 19 days) mouse lung fibroblast cultures in which we have previously reported Hoxb5 downregulation by Hoxb5-specific siRNA molecules (60) . The animal protocols were approved by Tufts University School of Medicine IACUC. As we previously described, timed dated pregnant mice were killed at E13.5. Fetal mouse lungs were isolated, and fetal mouse lung fibroblasts were cultured with no treatment, TKO transfection vehicle (Mirus, Madison, WI), scrambled siRNA control, or Hoxb5-specific siRNA. This siRNA protocol and the sequences for Hoxb5 siRNA and scrambled siRNA control have been published (60) . After 72 h of treatment, mouse fetal lung fibroblast cultures were harvested and prepared for Western blot analysis as described below. Using the same protein aliquots that previously showed decreased Hoxb5 protein levels, ␣ 2-integrin Western blots were performed using the rabbit antihuman/anti-mouse antibody that detects important cytoplasmic regulatory regions in the ␣ 2-integrin protein of human and mouse origin (Chemicon, Temecula, CA) (34) Therefore, with this antibody, we can only detect the 150-kDa isoform and cannot determine the presence or absence of the 130-kDa isoform in these samples. This antibody that reacts against the extracellular domain of ␣ 2-integrin does not crossreact with mouse tissue. ␣ 2-integrin protein levels in mouse fetal lung fibroblasts with Hoxb5-specific siRNA downregulation of Hoxb5 protein were compared with ␣2-integrin levels in scramble siRNAtreated cells as previously described (60) .
Western blot analysis. Normal lung, BPS, and CCAM tissue samples in which we have previously studied HoxB5 protein expression were used for this study (59) . Western blot analysis using methodology we have previously described was used to identify temporal and quantitative changes in ␣2-, ␣3-, and ␤1-integrins and E-cadherin protein levels in human lung tissue from the canalicular period (17-to 22-wk gestation, n ϭ 7) and the alveolar period (term gestation to 1.5 years, n ϭ 3) and in BPS (1-3 yr of age, n ϭ 4) and CCAM tissue (1-3 yr of age, n ϭ 7) (58). Briefly, proteins were first homogenized in the presence of proteinase inhibitors with protein concentration determined by the Lowry method. Twenty micrograms of total lung, BPS, or CCAM protein were loaded onto a 7.5% polyacrylamide gel, and proteins were separated by SDS-PAGE. After SDS-PAGE, proteins were transferred to nitrocellulose membranes by wet transfer. Individual membranes from the same protein samples were probed for each of the cell adhesion molecules under study. The top of each membrane was used to evaluate ␣2-integrin, ␣3-integrin, ␤1-integrin, or E-cadherin with the bottom portion of each membrane used for GAPDH protein determination as the internal control. Normal human lung, including canalicular and alveolar stage lung tissue, was loaded on each blot along with the BPS and CCAM tissue samples to allow comparisons of cell adhesion protein levels between normal canalicular and normal alveolar stage lung and BPS and CCAM tissue. BPS and CCAM tissues were obtained from patients whose lung development by their chronological age would correspond to the alveolar stage of lung development. Therefore, we focused our comparisons mainly on the relationship of BPS and CCAM tissue findings to normal human lung tissue findings from patients whose normal lungs would also be in the alveolar stage of lung development. This was considered the best possible comparison as we cannot obtain isolated normal lung tissue from the patients with BPS and CCAM. These comparisons were also made to help us determine if BPS and CCAM tissues with aberrant airway branching show integrin and E-cadherin expression that is different from the stage of lung development of the person from which the lung lesion was removed and more similar to earlier stages of fetal lung development, suggesting that in these congenital lung lesions, there is an arrest of lung development and lung cellular regulation at an earlier stage of development. This same comparison was also used in our previous study (58) . The nitrocellulose membranes were blocked with appropriate blocking solutions (5% blotto or 5% donkey serum) and then subjected to sequential reactions with primary antibody, HRP-labeled secondary antibody followed by chemiluminescence detection of the protein-antibody reactions (Perkin Elmer, Waltham, MA). Quantitative changes in the levels of each of the cell adhesion proteins at each gestational age and in the BPS and CCAM tissues were determined by densitometry with normalization to GAPDH as internal control. Specificity of each antibody was confirmed by absence of specific protein bands in absence of primary antibody.
Immunohistochemistry. Sequential lung cryosections (6 m) from normal human lung and BPS and CCAM tissue in which we have previously seen abnormal HoxB5 protein expression were incubated overnight (4°C) with either ␣2 antibody 1 (1/800), ␣2 antibody 2 (1/200), or ␣3 (1/400) primary antibodies, followed by room temperature incubation with corresponding secondary antibody (1/200), avidin-biotin complex conjugated to alkaline phosphatase or horseradish peroxidase. Blue alkaline phosphatase chromagen plus levamisole (endogenous alkaline phosphatase blocker) was used for alkaline phosphatase detection followed by Fast Red counterstaining. Brown diaminobenzadine (DAB) or purple VIP was used to detect HRP followed by methyl green counterstaining. Lung sections from normal human lung and BPS and CCAM were incubated for the same period of time in the alkaline phosphatase or HRP reaction solutions. Colabeling of HoxB5 and some of the cell adhesion molecules was performed as we have previously described with modifications as appropriate for the antibodies being used in these reactions (58) . Each experiment (n ϭ 3 for each antibody) included controls of adjacent sections with omission of respective primary antibody.
Data analysis. Computer densitometry (Alpha Innotech, San Leandro, CA) results of individual blots for ␣ 2-, ␣3-, ␤1-integrins, and E-cadherin with normalization to corresponding GAPDH internal control were statistically analyzed for comparison of levels of these proteins in BPS and CCAM to that seen in canalicular and alveolar stage lung tissue on each Western blot by nonparametric ANOVA or t-test with Welch correction where appropriate (Instat; Graphpad Software, San Diego, CA). For fetal mouse lung fibroblasts, Western blot ␣ 2-integrin protein levels were also normalized to GAPDH values as an internal control with statistical analysis (t-test with Welch correction) performed between Hoxb5-siRNA and scramble-siRNA control-treated mouse fetal lung fibroblasts loaded on each blot. The level of significance was defined at P Ͻ 0.05. For immunostaining, lung sections from normal human lung and BPS and CCAM tissue were visually assessed and compared by light microscopy.
RESULTS
Altered ␣ 2 protein isoforms and protein levels exist in BPS and CCAM tissue. Western blot analysis was used to determine if protein levels of ␣ 2 -integrin, a key cell adhesion molecule expressed during normal airway branching morphogenesis, would be altered in BPS and CCAM. Using antibody 1 (binds to peptide sequences in cytoplasmic region of ␣ 2 -integrin) ( Fig. 1) (37) , no differences were detected between the 150-kDa protein isoform of ␣ 2 -integrin protein in BPS or CCAM tissue compared with canalicular or alveolar stage normal human lung tissue ( Fig. 2A) . However, when these same tissue samples were evaluated using antibody 2 ( Fig. 1 ) that binds peptide sequences in the extracellular domain of ␣ 2 -integrin, an additional protein isoform of 130 kDa was detected and significantly increased by at least sixfold in BPS and CCAM compared with alveolar period normal lung tissue (lung development stage matched to BPS and CCAM tissue) and compared with canalicular period normal lung tissue. The levels of the 150-kDa isoform remained relatively unchanged (Fig. 2B) . To confirm the identity of the 130-and 150-kDa isoforms detected with antibody 2, we performed Western blots on a Fig. 2 . ␣2-integrin representative Western blots and summary densitometry. A: Western blots performed with antibody 1 (detects cytoplasmic sequences of ␣2-integrin) did not demonstrate any difference in protein levels of the 150-kDa protein isoform of ␣2-integrin between normal human lung from the canalicular (Can) and alveolar (Alv) stage of lung development and bronchopulmonary sequestration (BPS) and congenital cystic adenomatoid malformation (CCAM) tissue. B: Western blots using antibody 2 (detects extracellular sequences of ␣2-integrin) detected a significantly upregulated 130-kDa protein isoform of ␣2-integrin in BPS and CCAM compared with normal alveolar or canalicular stage lung tissue, but there were no differences in the 150-kDa ␣2-integrin isoform (*P ϭ 0.005, means Ϯ SE; BPS and CCAM vs. Alv or Can). A and B: n ϭ 6, Can; n ϭ 3, Alv; n ϭ 4, BPS; n ϭ 7, CCAM. C: representative Western blot of one CCAM sample in absence (Ϫ) or presence (ϩ) of blocking peptide for antibody 2 showed that when antibody 2 activity was blocked with ␣2-specific blocking peptide against antibody 2, neither the 150-nor the 130-kDa protein isoform was detected. D: mouse fetal lung fibroblasts treated with Hoxb5-specific siRNA to downregulate Hoxb5 protein had significantly decreased ␣2-integrin protein levels compared with scramble-treated cells or control (no treatment) (*P ϭ 0.04, means Ϯ SE, n ϭ 5).
subset of samples using an aliquot of antibody 2 prereacted with the peptide sequence used to produce antibody 2 (blocking peptide) (Fig. 2C) . Using antibody 2 alone, Western blots reproduced the 150-and 130-kDa bands. However, when Western blot analysis was performed using aliquots of antibody 2 prereacted with its blocking peptide, the 150-and 130-kDa bands were not detected, confirming that both these bands as seen in BPS and CCAM specimens were specific for ␣ 2 -integrin protein extracellular domains detected by this antibody.
␣ 2 -integrin protein levels are decreased in fetal mouse lung fibroblasts with in vitro downregulation of Hoxb5 protein. We evaluated ␣ 2 -integrin protein levels in mouse fetal lung fibroblasts in which we have previously reported siRNA-specific downregulation of Hoxb5 protein. This was done to further understand the potential relationship between altered ␣ 2 -integrin protein expression in BPS and CCAM and the aberrant expression of HoxB5 protein that we have previously reported in these same tissue samples (59, 60) . Compared with mouse fetal lung fibroblasts treated with scramble siRNA (50 nM) (negative control), the 150-kDa protein isoform of ␣ 2 -integrin was significantly decreased in fetal mouse lung fibroblasts treated with Hoxb5 siRNA (50 nM) in association with the previously described decrease in Hoxb5 protein levels ( Fig.  2D) (60) .
BPS and CCAM tissue has more intense ␣ 2 -integrin immunostaining.
With the same ␣ 2 -integrin antibodies used in Western blot analysis, we detected interesting differences in the pattern of ␣ 2 -integrin immunohistochemistry in consecutive tissue sections from BPS and CCAM specimens. Using antibody 1 (Fig. 3, A-C) , cytoplasmic localization and intensity of ␣ 2 -integrin protein around CCAM cysts (Fig. 3, A and B) and in adjacent compressed lung tissue (Fig. 3, A and C) appeared similar. However, adjacent tissue sections from this same CCAM tissue sample immunostained simultaneously using antibody 2 (detects extracellular domain of ␣ 2 and 130-kDa protein isoform on Western blots) showed that the intensity of ␣ 2 -integrin immunostaining was greater in cells in and around the CCAM cysts (Fig. 3, D-F ) than in adjacent compressed lung tissue. BPS tissue immunostained using antibody 2 (Fig.  3G ) also showed intense purple HRP staining for ␣ 2 -integrin in epithelial and mesenchymal cells that was more intense than that seen in canalicular stage human lung (17-wk human fetus) (Fig. 3G) . Compared with CCAM tissue, canalicular stage (17-wk gestation human fetus) (Fig. 3H ) immunostained with ␣ 2 -integrin (using antibody 2, extracellular domain) had similar epithelial ␣ 2 -integrin cellular localization but less intense mesenchymal staining. These immunostaining results along with our Western blot results suggest that the increased intensity of staining seen in CCAM cysts and BPS tissue may be secondary to the localization of the 130-kDa ␣ 2 -integrin protein isoform detected in BPS and CCAM. Colabeling of canalicular stage human fetal lung for HoxB5 protein and ␣ 2 -integrin (using antibody 2) (Fig. 3H) showed intense brown nuclear staining for HoxB5 protein in mesenchymal cells that were also positive for ␣ 2 -integrin and immediately adjacent to purple ␣ 2 -integrin positive epithelial cells at branching airway tips. Specificity of the individual antibody reactions was confirmed by absence of specific staining in absence of primary antibody, as shown in Fig. 3I , where absence of primary antibody for ␣ 2 -integrin demonstrates only the presence of brown mesenchymal nuclear staining for HoxB5 and no ␣ 2 -integrin purple staining.
␣ 3 -integrin protein levels are dysregulated in CCAM but not in BPS tissues. Whereas both BPS and CCAM tissue demonstrated altered ␣ 2 -integrin expression, Western blot of ␣ 3 -integrin in these same tissue samples showed that CCAM but not BPS had significantly increased levels of ␣ 3 -integrin protein compared with canalicular stage lung tissue, but neither CCAM nor BPS tissue had altered ␣ 3 -integrin compared with alveolar stage lung tissue (Fig. 4A) . Canalicular stage (17-wk human fetus) lung tissue (Fig. 4B) colabeled for HoxB5 and ␣ 3 -integrin showed that purple ␣ 3 -positive cells are not regionally associated with closely adjacent brown nuclear-stained HoxB5-positive cells. Rather, branching airway tips that had weak ␣ 3 -integrin staining had closely adjacent brown HoxB5-positive cells. In CCAM (Fig. 4C) , ␣ 3 -integrin purple staining was more intense than in canalicular stage normal human lung and sometimes seen in cells that were also positive for HoxB5 protein (brown nuclei). The specificity of HoxB5 immunostaining was confirmed by absence of HoxB5 brown nuclear staining in absence of HoxB5 primary antibody with detection of only purple ␣ 3 -integrin staining with presence of ␣ 3 -integrin antibody (Fig. 4D) .
␤ 1 -integrin protein levels are not altered in BPS and CCAM. ␤ 1 -integrin is the major partner for ␣ 2 -and ␣ 3 -integrin in lung with formation of activated ␣ 2 ␤ 1 -or ␣ 3 ␤ 1 -integrin receptors leading to changes in inside-out and outside-in integrin signaling partly through recruitment of signaling molecules to sites in the cytoplasmic tail of ␤ 1 -integrin (16, 17, 53) . Although we detected differential changes in ␣ 2 -and ␣ 3 -integrin in BPS and CCAM, no differences in ␤ 1 -integrin were detected between canalicular and alveolar stage normal human lung tissue and BPS and CCAM tissue samples (Fig. 5) .
E-cadherin protein levels are increased in CCAM. We evaluated E-cadherin protein levels in these same tissue samples to determine if abnormal E-cadherin regulation was associated with abnormal airway branching and altered ␣ 2 -integrin expression patterns in BPS and CCAM. Compared with alveolar stage normal human lung tissue, E-cadherin protein levels were significantly upregulated 20-fold in CCAM but only 10-fold in BPS. No significant difference was seen between BPS and CCAM tissue compared with canalicular stage human fetal lung tissue (Fig. 6 ).
DISCUSSION
In this study, we have demonstrated that in BPS and CCAM tissue from infants age 1-3 years, there is the presence and increased protein levels of a previously undetected 130-kDa protein isoform of ␣ 2 -integrin. Splice variants lacking specific cytoplasmic residues have been described for ␣ 3 -and ␣ 6 -integrin, but to our knowledge this is the first description of such a finding for ␣ 2 -integrin (56) . Similar to our study, others using antibodies only to the intracellular cytoplasmic domain of ␣ 2 -integrin have detected a single isoform for ␣ 2 -integrin (66) . Using two different antibodies, one to the intracellular and one to the extracellular domain of ␣ 2 , we detected this apparent additional isoform of ␣ 2 in BPS and CCAM. The specificity of both the 130-and 150-kDa isoforms was confirmed with a peptide generated to match the extracellular domain of ␣ 2 -integrin detected by antibody 2 showing that this peptide competes for binding of antibody 2 to the 150-and 130-kDa integrin ␣ 2 protein isoforms detected in our study. In this current study, the derivation of the 130-kDa ␣ 2 -integrin protein isoform could not be determined, but similar findings for other proteins with multiple isoforms suggest the possibility of chromosomal, transcriptional, posttranscriptional, and posttranslational modifications as potential mechanisms to be investigated (23, 45) .
The antibody designated antibody 1 was made against and detects peptide sequences in the intracellular cytoplasmic tail of ␣ 2 -integrin including the GFFKR and KYEKMTK regions (Kevin Long, Chemicon, personal communication) known to interact with FAK (31, 34) . We deduce that the short ␣ 2 -integrin isoform (130 kDa) was not detected by antibody 1 due to its lacking the cytoplasmic peptide sequences against which antibody 1 was made. The number of amino acids calculated to be absent from the 130-kDa ␣ 2 -integrin isoform to cause this apparent size difference (up to 166 amino acids, Swiss Prot Data Base) compared with the 150-kDa isoform is also consistent with these important peptides being absent from the cytoplasmic tail of the 130-kDa isoform, resulting in the inability of antibody 1 to detect the 130-kDa isoform of ␣ 2 -integrin in the BPS and CCAM tissues. We could only detect this 130-kDa ␣ 2 -integrin isoform with antibody 2 as this D, E, F) , increased ␣2-integrin staining in mesenchyme and epithelial cells was seen around CCAM cyst (* in D, E, F). Using antibody 2, BPS tissue (G) showed intense purple epithelial (arrow in G) and mesenchymal localization (* in G) of ␣2-integrin compared with human fetal lung (17-wk gestation) (H), which had strong but less intense purple ␣2-integrin localization in epithelial cells of branching airway tips (long arrows in H). These ␣2-positive purple epithelial cells were surrounded by closely adjacent subepithelial fibroblasts with intense brown nuclear staining for HoxB5 protein (arrowheads in H). Regions of airways with less purple ␣2-integrin staining (Ͻ in H) are not surrounded by closely adjacent HoxB5-positive brown cells. ␣2-integrin was also localized diffusely in mesenchyme, especially in fibroblasts with brown nuclear Hoxb5 staining (short arrow in H). In absence of ␣2-integrin antibody, there is no purple ␣2-integrin immunostaining (I) but continued Hoxb5 brown nuclear staining in presence of Hoxb5 antibody.
antibody is made against peptide sequences in the extracellular domain of ␣ 2 . The cytoplasmic regions of ␣ 2 -integrin detected by antibody 1 are nearly 100% homologous in humans and mice consistent with antibody 1 in our study, only recognizing the 150-kDa band and not being able to detect any presence of the 130-kDa isoform in Western blots from mouse fetal lung fibroblast cultures. Antibody 2, which detects peptide sequences in the extracellular domain of ␣ 2 -integrin of human origin, does not cross-react with ␣ 2 of mouse origin and therefore could not be used in Western blots of the mouse fetal lung fibroblast cultures.
These FAK-interacting cytoplasmic peptide regions (GFFKR and KYEKMTK) of ␣ 2 -integrin influence specific signaling pathways, including EGFR signaling, that are important for changes in cell migration and cell cycle progression (12, 34, 38) . We have not studied EGFR signaling in BPS and CCAM, but previous studies show that in vitro EGF-mediated cell migration and entry into the S-phase of cell proliferation required a full length ␣ 2 -integrin cytoplasmic domain including the specific cytoplasmic domains that are likely absent from the 130-kDa ␣ 2 -integrin isoform detected in our BPS and CCAM tissue samples (8, 14, 19, 34) . On the other hand, other studies have shown that deletion of these same regions in the ␣ 2 cytoplasmic tail alters binding of cytoplasmic mediators to the ␤ 1 -integrin tail of ␣ 2 ␤ 1 -integrin receptors, causing altered inside-out integrin signaling, altered adhesiveness to extracellular matrix molecules, as well as altered growth factor-stimulated chemotaxis (12, 31) . Outside-in signaling might also be altered by aberrant ␣ 2 ␤ 1 -integrin receptors formed with this Fig. 4 . ␣3-integrin Western blots and immunohistochemistry. A: representative ␣3-integrin Western blot and summary densitometry showed similar levels of ␣3-integrin in BPS and CCAM tissue compared with alveolar stage lung tissue. CCAM tissue, however, had significantly increased ␣3-integrin protein levels compared with canalicular period lung tissue samples (*P ϭ 0.03, CCAM vs. Can, means Ϯ SE; n ϭ 6, Can; n ϭ 3, Alv; n ϭ 4, BPS; n ϭ 7, CCAM). B: human fetal lung tissue (17-wk human gestation) showed ␣3-integrin purple VIP staining at basal surface of columnar epithelial cells that had less intense subepithelial brown nuclear staining for Hoxb5 protein in mesenchymal cells (arrowhead). In contrast, airways (*) with less intense purple epithelial ␣2-integrin staining had more intense brown Hoxb5 staining in adjacent subepithelial fibroblasts (arrow). ␣3-integrin (purple) was also seen diffusely in mesenchyme but to a lesser degree than in airway epithelial cells and subepithelial fibroblasts. C: CCAM tissue had diffuse purple staining for ␣3-integrin (arrowhead) and scattered brown nuclear staining for Hoxb5 protein (arrow). D: immunostaining control showed that in absence of Hoxb5 primary antibody, no brown DAB staining was seen with only purple VIP staining for ␣3-integrin in presence of ␣3-integrin primary antibody. altered 130-kDa ␣ 2 -integrin isoform. Furthermore, in developing lung, ␤ 1 -integrin signaling is important for migration of epithelial cells (17) . These altered molecular signaling mechanisms may be partially responsible for the aberrant airway branching seen in BPS and CCAM lesions through altered ␣ 2 ␤ 1 -integrin signaling causing altered cell-cell adhesion and subsequent changes in epithelial cell migration and cell proliferation (10, 39, 52, 64) .
Consistent with other studies in mouse and human lung, our results show that ␣ 2 -integrin is expressed in epithelia and adjacent mesenchyme of branching airway tips, whereas ␣ 3 -integrin is expressed in established airway branches (15, 34, 62) . ␣ 2 ␤ 1 -integrin receptors are thought to promote mesenchymal-epithelial cell contacts as epithelial cells migrate into surrounding mesenchyme and associate with extracellular matrix binding partners and other cells (16, 67) . In CCAM tissue, the increased intensity of ␣ 2 -integrin localization with antibody 2 compared with lung tissue adjacent to CCAM cysts suggests that part of the intensity of ␣ 2 -integrin immunostaining in the CCAM cysts was due to the 130-kDa ␣ 2 -isoform detected with Western blotting. BPS tissue also stained intensely with antibody 2 compared with less intense staining for ␣ 2 -integrin in human fetal lung. We speculate that this increased ␣ 2 -integrin expression contributed to increased and aberrant airway branching in these lung lesions. Experiments designed to isolate and then block or increase this specific ␣ 2 -integrin isoform will be needed to confirm this speculation. Furthermore, aberrant ␣ 2 signaling in BPS in the presence of modestly changed ␣ 3 -integrin expression may have led to established new branches in these lung lesions, whereas significantly increased ␣ 3 -integrin levels and cellular expression in CCAM may have further modified other distinct cell-cell interactions that exist in CCAM but not in BPS. Synergistic activity between increased ␣ 2 -and ␣ 3 -integrin expression in CCAM compared with BPS in the pathogenesis of these congenital anomalies is also possible and has been shown for other integrin family members (16, 20, 27, 36, 50, 53,  66 ). Differences in cell adhesion between BPS and CCAM may also contribute to differences in their malignant potential (4, 30, 64) .
The importance of E-cadherin for maintenance of epithelial cell polarity and stability as well as the necessity of integrin-E-cadherin clustering to control cell signaling and epithelial cell stabilization suggests that increased E-cadherin along with increased and aberrant expression of ␣ 2 -integrin may have altered the formation of integrin-E-cadherin heterodimers, thereby contributing to dysregulated cell-adhesion and cellular migration in BPS and CCAM while controlling or preventing any invasive potential of the abnormal airways in these lung lesions (24, 47, 69) . E-cadherin expression is also linked to ␤-catenin signaling with ␤-catenin being bound to its cytoplasmic domain. ␤-catenin binding to E-cadherin assists with linkage of E-cadherin to the actin cytoskeleton decreasing ␤-catenin regulation of Wnt gene expression and subsequent altered cellular behavior, cell fate, and differentiation (46, 51) . We are not aware of any information addressing ␤-catenin and Wnt signaling in BPS and CCAM, but the increased E-cadherin levels that we observed in these lung anomalies may be one of the mechanisms causing altered cell fate and cell differentiation, possibly through altered Wnt downstream signaling (10, 39, 51) .
In these same BPS and CCAM tissues evaluated in this study, we have previously shown upregulation and abnormal cellular localization of HoxB5 protein (59) . In the current study, we have now shown that fetal mouse lung fibroblasts with in vitro downregulation of Hoxb5 (60) have decreased ␣ 2 -integrin protein levels. In both development and in certain diseases, integrins have been shown to be downstream targets of Hox genes, as well as being clustered in close chromosomal locations, both indicating a close association between Hox gene regulation and integrin-mediated signaling (18, 28, 63) . Additionally, in lung cancer and in melanoma cell lines, specific Hox gene expression is associated with certain changes in integrin expression patterns (13) . Our study along with this information from the literature suggests that ␣ 2 -integrin is a potential downstream target of HoxB5 and that increased HoxB5 in BPS and CCAM could directly or indirectly contribute to the presence of the altered ␣ 2 -integrin splice variant. Lack of available and appropriate human tissue and lack of appropriate animal models of BPS and CCAM currently limits the ability to more directly study this phenomenon. Our immunostaining findings show a potential relationship between HoxB5 and ␣ 2 -integrin. As in normal human fetal lung, ␣ 2 -integrin colocalizes with HoxB5 around branching airways. However, any potential interaction between HoxB5 and ␣ 3 -integrin is less likely in normal fetal lung, but is possible in CCAM with upregulated ␣ 3 -integrin in the same cellular location as HoxB5 protein. A direct interaction between HoxB5 and E-cadherin is also less likely as E-cadherin is exclusively localized to epithelial cells (24, 25) . However, we and others have shown that certain Hox genes and divergent homeobox genes are localized to lung epithelial cells (22, 32, 42, 43, 61, 62) . We have not yet investigated the expression pattern of other Hox genes in BPS and CCAM, but it is possible that other Hox genes are aberrantly expressed in these lung lesions either independently of HoxB5 or through Hox gene auto-and cross-regulation, that might contribute to more direct Hox regulation of epithelial-expressed cell adhesion molecules in BPS and CCAM (6, 26, 44, 60, 68 ). Compared with alveolar stage human lung, E-cadherin protein levels were increased significantly in CCAM and showed a trend towards increased levels in BPS. Levels of E-cadherin in CCAM and BPS were more similar to canalicular stage lung tissue. *P ϭ 0.04, CCAM vs. Alv, means Ϯ SE, n ϭ 6, Can; n ϭ 3, Alv; n ϭ 4, BPS; n ϭ 7, CCAM.
In summary, we have shown for the first time that specific cell adhesion molecules important to lung development and airway morphogenesis are altered in BPS and CCAM, lung anomalies characterized by altered airway formation. Furthermore, this study also demonstrates that BPS and CCAM pathogenesis is associated with potentially altered integrin cytoplasmic signaling. This work along with our previous work showing aberrant HoxB5 expression in BPS and CCAM suggests that aberrant Hox protein and cell adhesion are part of the mechanisms involved in the development of these lung lesions (59) .
